Synthesis and photocrosslinking reaction of hyperbranched polyimide containing methacryloyl groups at the ends were examined. The reaction of tris(2-aminoethyl)amine with 3,3',4,4'-benzophenone tetracarboxylic dianhydride produced the hyperbranched polyimide [HBPI(TAEA-BTDA)] with carboxylic acid at the ends. The hyperbranched polyimide containing methacryloyl groups at the ends (P-1-P-3) were obtained by the reaction of HBPI(TAEA-BTDA) with glycidyl methacrylate. The photocrosslinking reaction of P-l, P-2, and P-3 with a 10 wt% photoinitiator proceeded smoothly to afford the crosslinking polymers in the film state.
Introduction
It is well known that polyimides are useful high performance materials due to their excellent thermal stability, high chemical resistance and low dielectric constants. ' The polyimides are generally prepared by the ring-opening polyaddition of dicarboxylic anhydrides with diamines, following by thermally or chemically imidization.
However, there are some significant disadvantges of polyimides. The low solubility and colorization of the polyimides are caused from their ligid structure and inter-and intramolecular charge transfer complex-ation.
Meanwhile, hyperbranched polymers are one of the dendritic polymers with highly branched architecture and a multitude of the end groups.2 The characterization of the hyperbranched polymers is different from that of the linear polymers. The thermal stability and viscosity of the hyperbranched polymer are lower than those of the linear polymers of the same molecular weight. Generally, hyperbranched polymers are prepared by two differential methods; one of which is the self-condensation of ABm-type monomer,3 and other is the polycondensation of A2-type monomer with B3 type monomer.4 Both of these two methods are significant advantage for the industrial application due to the one-pot procedure for the synthesis of hyperbranched polymers.
Until now, a large number of hyperbranched polymers have been synthe-sized by such methods.s- 12 It is expected that the hyperbranched polyimides have good solubility, high thermal stability, and good film forming ability. Given these back grounds, it seems reasonable to design a new photosensitive materials for application in microelectronics industry. Recently, Ueda et al. reported the synthesis of photosensitive polyimide based on hyper-branched poly(ether-imide) as a new negative working materials.'3 However, no other research has been reported concerning the synthesis of photosensitive hyperbranched polyimide.
In this paper, we report the first synthesis of photosensitive hyperbranched polyimides containing methacryloyl groups at the ends and its radical polymerization using a photoinitiator in the film state.
Methods 2.1. Materials
Tris(2-aminoethyl)amine (TAEA), 3,3',4,4'-benzephenone tetracarboxylic dianhydride (BTDA) and tetrabutylammonium bromide (TBAB) were purchased from Tokyo Kasei Kogyo Co. Ltd., and TBAB was recrystallized from ethyl acetate. Lithium chloride, glycidyl methaciylate (GMA) and p-methoxyphenol were obtained from Kanto Chemical Co., Inc. N-Methyl-2-pyrrolidinone (NMP) was distilled under reduced pressure over CaH2 before use. Another reagents were used without further purification.
Measurements
Infrared (IR) spectrum was recorded on a JASCO FT/R-420 spectrometer with KBr plate. 1H nuclear magnetic resononce (1H NMR) spectrum was recorded on a JEOL a -500 FT NMR spectrometer in a DMSO-c%. Thermogravimetric anaylsis (TGA) and differential scanning calorimetry (DSC) were performed with a Seiko TG/DTA-6200 and Seiko DSC-6200, with a heating rate of 10 °C /min under nitrogen atmosphere, respectively. Gel permeation chromatography (GPC) was performed with a TOSOH HLC-8220 GPC using a TSK GEL coloumns (TSK-GEL SUPER AW2500x3), N, N-dimethylformamide (DMF) as an eluent, and polystylene standards. Real time Infrared (RTftR) spectrum was recorded on a BIO-RAD Excalibur FTS-3000MX spectrometer with HOYA-SCHOTT EX250 UV light source. 3. Results and Discussion 3.1. Synthesis of hyperbranched polyimide having carboxylic acid at the ends Okamoto et al. reported the synthesis of two different hyperbranched polymers obtained by the reaction of tris(4-aminophenyl)amine (TAPA) with 2,2-bis(3,4-dicarboxyphenyl)-hexafluoropropane dianhydride (6FDA)!ua~ They reported that the amine-terminated hyperbranched polyimide was obtained when TAPA was added dropwise to the solution of 6FDA. and the anhydride-terminated hyper-branched polyimide was obtained when 6FDA was done to that of TAPA. In this article, the hyperbranched polyimide was obtained by the reaction of TAEA with BTDA. This reaction was performed as follows: The suspension of poly(amic acid) was obtained when TAEA was added dropwise to the solution of BTDA in the initial state of the polymerization. After that the resulting mixture was heated at 140 °C and yielded a clear solution. In the latter case, the cyclodehydration of amic acid was performed to give hyperbranched polyimide (Scheme 1).
The reaction conditions and results are summerized in Table 1 .
The number-average molecular weight (Mrs) and yields of the obtained poylmers were in the range between 4300-5800 and 65-84 %, respectively. It was found that both the yields and Mss of the polymers increased with the monomer cone-entration and the reaction temperature in the case of the polymerization. Furthermore, the glass-transition temperature (Ti) and 10 %-weight loss temperature (Td'°) of the resulting polymers were evaluated, and it was found that Tg and Td10 increased slightly with the Ms. Next, the structure of these hyperbranched polyimides [HBPI(TAEA-BTDA)] was con-firmed by IR and 1H NMR spectroscopy. Figure  1 illustrated the IR spectrum of HBPI-(TAEA-BTDA) (Run 6 in Table 1 ).
The characteristic absorption peaks based on an imide and carboxylic acid groups were observed at 1776 ( v C Oj ),1394 ( v C-N) and 1715 cm 1 ( v C=OcOOH), respectively. As illustrated in 1H NMR spectrum (Figure 2(a) ), the corresponding proton signals at 2.50-2.96 due to -CH2-N ~, at 3.42-3.81 due to -CH2-N; and 7.26-8.18 ppm due to aromatic, respectively. No apparent proton signals amide groups of amic acid was observed These results indicated that the obtained HBPI(TAEA-BTDA) had carboxylic acid groups at the ends.
Wavenumber (cm-') Figure 1 . IR Spectrum of HBPI(TAEA-BTDA) (Run 6 in Table 1 ) Table 2 . The reaction of HBPI(TAEA-BTDA) with GMAa~
Introduction of methacryloyl groups into the IIBPI(TAEA-BTDA)
It is known that the addition reaction of epoxide with carboxylic acid proceeded smoothly in the presence of qua onium salts.14 The reaction of glycidyl methacrylate (GMA) with HBPI(TAEA-BTDA) (M=58OO, nMJM 2.31, Run 6 in Table 1 ) was carried out in the presence of tetrabutylammonium bromide (TBAB) in NMP (10 ml) at 100 °C for 6 h to afford the product, P-i in 67 % yield (in Table 2 ). The structure of P-1 was confirmed by IR and 111 NMR spectroscopy. As shown in Figure 2(b) , 1H NMR showed the signals assignable to vinyl groups of the polymer ends at around 5.5 and 6.0 ppm. This result strongly indicated that the obtained product; P-1 had methacryloyl groups at the ends (Scheme 2). Furthermore, the several reaction conditions for the introduction of methacryloyl groups into the HBPI(TAEA-BTDA) were examined. The reaction condi-tions and results are summarized in Table 2 . The degree of methaciylation of the HBPI-(TAEA-BTDA) was evaluted from the integration ratio of the proton signals of aromatic and vinyl groups in 111 NMR. With increase of the feed amounts of GMA, the introduced amounts of methacryloyl groups into the HBPI(TAEA-BTDA) was also increased (P-2 and P-3 in Table 21 3.3. Solubility of IIBPI(TAEA-BTDA) con-taming methacryloyl groups, P-i -P-3
The solubility of HBPI(TAEA-BTDA) containing methacryloyl groups P-1 was listed in Table 3 . As a result, P-1 was soluble in DMF, DMAc, NMP, DMSO As organic solvents, and 2.38 wt% tetramethylammonium hydroxide (TMAH) as an alkaline aqueous solution. P-1 was insoluble in the other common organic solvents. The same results were obtained in the case of P-2 and P-3.
3.
4. Photocrosslining Reaction of I BPI-(TAEA-BTDA) containing methacryloyl groups
The photocrosslinking reaction of the HBPI(TAEA-BTDA) containing methacryloyl groups P-3 was carried out in the air using a high pressure mercury lamp in the film state which was prepared with 10 wt % photo-initiator, 2-methyl-[4-(methylthio)phen-yl]-2-morpholino-1-pro panone (Irgacure 907). The conversion of the C C bounds of the methacryloyl groups was estimated from a decrease of the absorption peaks assignable to the Table 1 ) and (b) HBPI(TAEA-BTDA) containing methacryloyl groups P-1 (in Table 2 ). Table 3 . Solubility of HBPI(TAEA-BTDA) containing methacryloyl groups P-lal C=C (1670 cm') groups in the IR spectra. As shows in Figure 3 , the reaction proceeded smoothly, and th+ conversion reached about 60 % at 30 min Furthermore, in the same method as mentioned above the reaction of P-1 and P-2 proceeded, and the conversion reached about 25 % at 30 min and abou 30 % at 30 min, respectively. All the photo-irradiate polymers became insoluble in common organic solvents. These results indicated photocrosslinking reaction proceed-ed smoothlyin the presence of nhntninitiatnr in the film state
Conclusion
Synthesis and photocrosslinking reaction of hyperbranched polyimide containing metha-cryloyl groups were investigated. The hyper-branched polyimide with carboxylic acid groups [HBPI(TAEA-BTDA)] were synthe-sized by the reaction of TAEA with BTDA. The reaction of HBPI(TAEA-BTDA) with GMA was carried out in the presence of TBAB in NMP at 100 °C for 6 h, affording the hyperbranched polyimides containing metha-cryloyl groups at the ends, P-1-P-3. The photocrosslinking reaction of P-1-P-3 was performed in the presence of photoinitiator in the film state to afford the closslinking polymers immediately. Figure 3 . Rate of photocrosslinking reaction of HBPI(TAEA-BTDA) having methacryloyl groups in the presence of photoinitiator (10 wt%) in the air using a high pressure mercury lamp (15 mW /cm at 365 nm). (A ) P-1; (•) P-2; (• ) P-3
